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High temperature polyimide microspheres have been developed from polyimide solid residuum
by a simple inflation process. = Microspheres have been fabricated from several polyimide
precursors through the use of a circulating air oven. Microsphere formation and final physical
property characterization have been limited to simple mechanical and thermal testing. The
present paper focuses on developing an understanding of microsphere formation through simple
geometric rules for an incompressible polymeric material and microscopic observations of
precursor residuum inflation. Inflation kinematics of the hollow polyimide microspheres as a
function of time and temperature is discussed.
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1.0 INTRODUCTION TO POLYIMIDE FOAMS

The foam precursor was synthesized by mixing monomer reactant oxydiphthalic anhydride
(ODPA) with a hydrogen bonded foaming agent in methanol (MeOH) at room temperature.
After three hours of mixing at 60° C, this material was converted into ODP-dimethyl ester. It
was then mixed with measured amounts of 3,4’-oxydianline (3,4’-ODA), and stirred for two
hours to yield a homogeneous solution. A fine powder of salt-like foaming precursor was
isolated from the solution by evaporation of the solvent to produce the polyimide precursor
powder. The materials discussed in this paper were produced by Unitika Ltd of Japan (1).

Foams are produced from the polyimide precursor powder by a simple thermal cycle under
ambient pressure conditions. While the mechanisms for particle inflation have not been studied
in detail until the present paper, it is clear that the blowing agent is hydrogen bonded to the
precursor particles and upon an increase in temperature, the polymer passes through its glass
transition temperature and the particle is transformed into a hollow spherical geometry. When in
a confined volume, the microspheres then grow together to produce the foam microstructure.



2.0 GEOMETRIC RELATIONSHIPS FOR INCOMPRESSIBLE POLYMER

The geometry of polymeric particle is idealized as a hollow microsphere of initial outer radius, by
and initial inner radius, ap. Under the condition of constant volume of polymeric material,
geometric relations can be developed that relate the microsphere radii, b and a, as a function of
its initial dimensions.
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2.1 Microsphere size as a function of a/b at ag/by=0.1 Equations 1 and 2 give the ratio of the
new outer radius to the initial outer radius, b/by and the ratio of the new inner radius to the initial
outer radius, a/by as a function of the initial dimensions of the microsphere and reveal cubic
relationships with the ratios of inner to outer diameter. These results are summarized in Figure 1
and Table 1 for an initial radius ratio of 0.1. Of particular note is the rate of growth of the new
outer diameter, b as a function of the inner radius growth. Note, for example that an increase in
the size of the inner radius ratio, a/by from 0.1 to 0.523 corresponds to an increase in outer radius
ratio, b/by of only 1.0 to 1.045. Therefore, a change in inner radius of over 500% produces only
a 5% change in external radius ratio.

Table 1: Results for ay/by = 0.1.

a/b b/by t/bg a/by
0.1 1.000 0.900 0.100
0.2 1.002 0.802 0.200
0.3 1.009 0.706 0.303
0.4 1.022 0.613 0.409
0.5 1.045 0.523 0.523
0.8 1.207 0.254 1.016
0.9 1.390 0.154 3.317
0.99 3.228 0.032 3.195
0.999 6.934 0.007 6.927

2.2 Wall thickness as a function of a/b and ay/by The microsphere wall thickness, t can be
expressed as a function of the initial and final radius ratios as shown in Equation 3 and Figure 2.
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From Table 1 it is also clear that the thickness ratio, t/b approaches zero as the ratio a/b
approaches unity.

2.3 Microsphere volume as a function of its initial radius ratio, ag/by It is significant to
realize that for a large range of values of ay/by, the volume of the microsphere available for
growth is little changed. As shown in Equation 4 and Table 2, if ay/by is less than 0.4, the
volume of the hollow microsphere is greater than 93% of the volume of the solid sphere.
Therefore, a hollow microsphere of these dimensions has virtually the same volume available for
inflation as that of a solid microsphere. Consider the non-dimensional volume of the hollow

microsphere:
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Table 2: Non-dimensional Volume results as a function of ay/by.
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0.0 1.000
0.1 0.999
0.2 0.992
0.3 0.973
0.4 0.936
0.5 0.875
0.6 0.784
0.7 0.657
0.8 0.488
0.9 0.271
0.99 0.030
0.999 0.003

2.4 Solid versus Hollow Microspheres

Tables 3 and 4 further illustrate the difference that the initial particle geometry, ag/by has on the
final microsphere geometry for a constant volume process. Note that for an inflation ratio, a/b =
0.999, the wall thickness ratio, t/b is 0.007 for both the geometries presented while the maximum
radius ratio, bo/b is 6.936 for ay/by =0.0 and 6.627 for ay/by =0.5. Thus, the initial volume
available is in the ratio of 0.875, while the maximum radius ratios differ by only 5%.



Table 3: Results for ay/by = 0.

a/b b/bo t/bo a/bo
0.0 1.000 1.0000 0.000
0.1 1.000 0.900 0.100
0.2 1.003 0.802 0.200
0.3 1.009 0.706 0.303
0.4 1.022 0.613 0.409
0.5 1.046 0.523 0.523
0.6 1.084 0.434 0.651
0.7 1.150 0.345 0.805
0.8 1.270 0.254 1.016
0.9 1.545 0.154 1.391
0.99 3.229 0.032 3.197
0.999 6.936 0.007 6.929

Table 4: Results for ag/by = 0.5:

a/b b/by t/bg a/by
0.5 1.000 0.500 0.500
0.6 1.037 0.415 0.622
0.7 1.100 0.330 0.770
0.8 1.215 0.243 0.972
0.9 1.478 0.148 1.330
0.99 3.088 0.031 3.058
0.999 6.634 0.007 6.627

3.0 MICROSPHERE GROWTH OBSERVATIONS

In order to evaluate the polyimide microsphere behavior when subjected to an increase in
temperature from 27.5° C to 190° C the following measurements were undertaken.

3.1 Particle size distribution In an attempt to determine the relationship between polymer
particle size and microsphere size, size particle distribution within a typical polymer powder was
measured by physical screening. Results presented in Table 5 show that almost 90% of the
polymer powder particles ranged in size from 75 to 500 microns. These results show that the
largest dimension of two-thirds of the particles falls in the range of 106-300 microns.



Table 5: Particle size distribution.

Particle size range, Weight percent
microns
0-75 11.6
75-106 17.2
106-180 28.1
180-300 39.4
300-500 03.5

3.2 Microsphere growth observations It is instructive to examine the growth kinetics of a
single microsphere in reverse time because the geometric formation of the microsphere from the
single particle is quite complex. Here we can begin with the microsphere in its fully inflated
state and measure its outer diameter, wall thickness and inner diameter. Table 6 shows data taken
from the photographic images shown in Figures 3, 4, 5 & 6.

Table 6: Reverse growth Kinetics of a single polyimide microsphere.

Time, min. Temp,’C b, 10° m t,10° m a,10° m
16.26 190 0.2028 0.0064 0.1964
12.75 155 0.1752 0.0075 0.1677
12.35 151 0.1311 0.0161 0.1150
12.25 150 0.1030 0.0191 0.1964
Time, min. Temp, e a/b Volume, 10" m*

16.26 190 0.968 3.20
12.75 155 0.957 2.77
12.35 151 0.877 3.07
12.25 150 0.814 2.10

Average Volume: 2.785 10" m?

As time is observed in reverse from 16.26 minutes to 12.25 minutes, the diameter of the
microsphere is seen to diminish from 202 microns to 103 microns, a reduction of approximately
50%. The wall thickness increases during this interval from 6.4 microns to 19.1 microns. The
volume of the polymer within the microsphere appears to range from 2.10 to 3.20x 10 m®, with
an average volume of 2.87 x 10> m’. This volume for an incompressible polymer would
correspond to a solid particle initial radius of 88.2 microns or a diameter of 176 microns. For
ap/by = 0.5, the hollow microsphere would have a diameter of 349 microns. Clearly, these

measurements fall in the range reported above in Table 5.



3.3 Microsphere formation Continuing to observe the microsphere formation in reverse time,
it is instructive to examine the polymer particle as it transitions from microsphere to its irregular
shape. Table 6 and Figures 7, 8 & 9 illustrate this phenomenon. Note that at time of 12.25
minutes (150 C°), the particle has assumed a quasi-spherical shape, while at 11.75 minutes (145
C", the particle shape has become irregular. Indeed, as time is observed in reverse, from 11.75
minutes to 0, the particle appears to grow in planar dimensions. Table 7 shows that the
approximate planar area of the particle grows from 7.3 to 11.3 x 10° m” as time is viewed from
11.75 to 0 minutes. In other words, the particle planar dimensions are seen to decrease with
increasing time and temperature.

Table 7: Particle dimensional change.

Time, min. Temp, °C Max L, 10° m Min L, 10° m Area, 10°m’
11.75 145 0.146 0.099 7.23
11.05 138 0.150 0.102 7.60
9.65 124 0.165 0.120 9.90
0.00 27.5 0.175 0.130 11.3

Time, min | Temp°C | Avg.L,10°m | 0.3xAvg.L,10°m | Vol. 10" m’
11.75 145 0.1225 0.0367 2.65
11.05 138 0.1260 0.0378 2.88
9.65 124 0.1257 0.0377 3.73
0.00 27.5 0.1229 0.0369 4.17

In the second matrix of data shown in Table 6, estimates of the particle volume are made. Here
the average lateral dimension of the particle is multiplied by 0.3 in order to estimate the
thickness dimension of the particle. Next the plan form area of the particle is multiplied by the
estimated thickness in order to estimate the particle volume. The particle volume estimates
ranged from 2.65 to 4.14 x 10 m’. In contrast to the volume estimate of 2.87 x 10> m® taken
from the microsphere geometries, the average particle volume estimate is only 3.36x10™"° m’ or a
factor of 8.5 difference — almost and order of magnitude difference. Clearly the simplifying
assumption of constant volume throughout the process is not exact.

The data presented in Table 6 are compared to the geometric predictions in Figures 10 and 11.
Here the initial radius ratio of 0.85 was chosen after comparing the experimental data to
Equation 1 and arriving at an average value over the range 0.923-0.772. These figures show that
the geometric relations for b/by, a/by and t/by are in reasonable agreement with the experimental
results. And it is likely that the accuracy of the measurements had an adverse impact on the
comparison. Indeed, the results confirm that for the microsphere observed, the constant volume
approximation is approximate, even over the range in geometries wherein the microsphere has
taken form. Clearly the observed deformations of the irregular shaped particle differ quite
substantially from that of a constant volume, incompressible solid as well.



4.0 RESULTS AND DISCUSSION

The results of this preliminary study provide an insight into the inflation kinetics of a polyimide
foam wherein the polyimide particle contained trapped blowing agent and an increase in
temperature resulted in the inflation of individual polyimide particles. A constant volume
geometric analysis showed that the polymer volume available for the creation of microspheres is
limited by the particle size, and inflation ratios (a/b) of 0.9 corresponded to a hollow sphere
diameter of approximately 1.5 times the particle diameter for both hollow and solid particle
geometries. It was also observed that the wall thickness of a microsphere of a polymer of
constant volume achieves a value of approximately 0.15 times the equivalent solid particle radius
at an inflation ratio of 0.9. Thus, one can estimate the diameter and wall thickness of
microspheres by this simple rule.

The particle size distribution was measured and almost two-thirds of the particles were found to
fall between 106-300 microns. The average observed volume in the microsphere phase was
shown to correspond to a solid spherical particle of diameter equal to 176 microns.

Experimental data were presented for the inflation of a single polyimide particle containing
blowing agent by raising the temperature at a rate of 10° C/min. from 27.5 to 190° C. By
observing photographic images taken at known time and temperature intervals, the inflation
kinetics could be separated into two phases. The first phase was found to be simple dimensional
changes of a hollow microsphere with approximately constant polymer volume. The second
phase was the transformation of the particle from an irregular shape to a microsphere. In this
phase, the particle appeared to shrink as time and temperature were increased. Indeed, the
estimated volume of the irregular polymer precursor particle appeared to be an order of
magnitude less than that of the final microsphere.

The assumption of conservation of volume throughout the particle transformation and inflation
processes has been shown to be an approximation, and the need for a more rigorous treatment of
the multiple stages of this process is clearly evident.
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6.0 NOMENCLATURE

ao = initial inner radius
by = initial outer radius
a = inner radius

b = outer radius

t = wall thickness
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Figure 2 Microsphere wall thickness as a function of a/b at ay/by=0.1



Figure 3 Polyimide microsphere at 190 °C

Figure 4 Polyimide microsphere at 155 °C
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Figure 7 Polyimide Particle at 145 °C



Figure 9 Polyimide particle at 27.5 °C
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Figure 10 Experimental results for microsphere size as a function of a/b at ay/b,=0.85.
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	Main Menu
	How to Use This CD-ROM
	Search
	Print
	Author Index
	Subject Index
	Company Index

	Table of Contents
	ADHESIVE BONDING—I
	Sealing Pinhole Leaks with Organic Coatings
	Joining Steel and Composites
	New 121ºC (250ºF) Curing Epoxy Film Designed for Composite and Metallic Aerospace Bonding
	A New Approach to Fabricating Square Edge Close-Outs on Honeycomb Panels
	Nanoparticle Modification of Epoxy Based Film Adhesives

	E-BEAM—I
	Application of Time-Resolved Pulse Radiolysis Technique in the Investigation of the Mechanism of Epoxy Resins Cationic Polymerization
	Results of Electron Beam Prepreg Debulking Study
	Process Development of E-Beam Curing for Large Structures
	Real Time In-Situ Spectroscopic Characterization of Radiation Induced Cationic Polymerization of Glycidyl Ethers
	Evaluation of an E-Beam Cured Material for Cryogenic Structure Usage

	NDT/TESTING
	Composites Containing Embedded Simple Machines
	Simulation of Energy Release Rates and Correlation with NDE Test Data
	The Absorption of Water and Its Effect on the Transverse Strengths of Laminates
	Experimental and Theoretical Evaluations of the Iosipescu Shear Test for Hybrid Fiber Composites
	A Proper Ultrasonic Testing on Structure Weld
	Failure Strength of Machined Composite Edges
	Nondestructive Sensing Evaluation of Single Carbon Fiber/Polymer Composites Using Electro-Micromechanical Technique
	Vibroacoustic Properties of Composite Damping Elements

	ADVANCED MANUFACTURING CONCEPTS
	Liquid Crystalline Polymer (LCP) Hybrid Coating Process Development
	Micro-Cracking Evaluation of High Modulus-Graphite/Epoxy (HM-Gr/Ep) Under Combined Thermal and Load Cycling
	Friction Performance of Phenolic Binders
	Experimental and Genetic Algorithm Simulation of the Wear of Two Phase Model Friction Materials
	A Permeameter Measuring Normal and Lateral Permeability and an Investigation on Wet Friction Materials
	Cost Aspects of Structural Co-Processing

	ADHESIVE BONDING—II
	Factors Influencing Durability of Sol-Gel Surface Treatments in Metal Bonded Structures
	Adhesive Disbonding via Chemical Foaming Agents
	Ultrasonic Abrasion: A Study of an Alternate Surface Abrasion Technique

	THERMOSET RESINS—I
	High Temperature Transfer Molding Resins Based On 2,3,3',4'-Biphenyltetracarboxylic Dianhydride
	Adhesive and Composite Properties of a New Phenylethynyl Terminated Imide
	Design and Fabrication Issues of High Temperature PMCs for Aerospace Propulsion Applications
	Mechanical Testing of PMCs Under Simulated Rapid Heat-Up Propulsion Environments (I. Temperature Measurement)
	Composite Processing and Properties of a New Amorphous, Asymmetric, Addition Type Polyimide (Triple A-PI)
	Mechanical Testing of a Photocured Chopped Fiber Reinforced Dental Composite
	Two-Step Synthesis of BAX for Environmentally Safe PMR-BAX Composites

	RTM/VARTM—I
	New Experimental Findings on Resin-Impregnation Process for Woven, Stitched or Braided Fiber Mats in Liquid Composite Molding
	Interlayer Toughening of VARTM Composites: Effects of Tackifier Loading
	Interlaminar Fracture Properties of Split Angle-Ply Composites
	Effects of Amine and Anhydride Curing Agents on the VARTM Matrix Processing Properties
	Streamlined Intelligent RTM Processing: From Design to Automation

	SANDWICH STRUCTURES
	Reproducibility of Ring Compression Test for Evaluation of New Honeycomb Materials
	Procedure for Accelerated Corrosion Testing of Aluminum Honeycomb
	Precise Zero CTE Sandwich Structures for Optical Applications
	Novel Processing of High-Performance Structural Syntactic Foams
	Advanced Products Designed to Simplify Co-Cure Over Honeycomb Core

	FIRE SAFETY OF MATERIALS—I
	Burn-Through and Moisture Properties of Aircraft Fuselage Insulation Blankets
	Continued Developments in Fire Proof Composites
	Flexural Behavior of Balsa Wood Cores Reinforced with Inorganic Carbon Composite
	Fire Resistant Composite Materials for Energy Absorption Applications
	Fire Growth Evaluation and Mechanical Properties of Seven Thermoset Composites

	E-BEAM—II
	Development of Electron Beam Curable Composite Motor Cases
	Development and Characterization of Non-Autoclave Processes for Composites
	X-Ray Processing of Advanced Composites at 5 MeV and Above
	Investigations to Improve the Properties of EB Cured Composites: A Status Report
	Electron Beam Curable Adhesives for Aerospace Applications
	Interfacial Properties of EB Cured Textile Composite

	INFRASTRUCTURES—I
	Repair of a Damaged Fiber Reinforced Polymer Composite Bridge Deck
	Design, Fabrication, Testing, and Installation of a Low-Profile Composite Bridge Deck
	Structural Evaluation of All-Composite Deck for Schuyler Heim Bridge
	Fiber Reinforced Polymers (FRP) for Strengthening Timber Beams
	Nondestructive Inspection of Composite-Strengthened Concrete Structures
	Composite Solutions for High Pressure Drilling Risers

	FIRE SAFETY OF MATERIALS—II
	Fire-Safe Polymer Composites
	Fire Assessment of Wood Plastic Composites
	High-Throughput Methods for Flammability Screening of Multicomponent Polymer Blends and Nanocomposites
	The Correlation of Heat Release Calorimetry Measurements
	Marine Composite Material Fire Properties: Implications of Uncertainty

	WIND ENERGY
	Wind Power for Global Electricity Generating Present and Future Opportunities

	TOOLING FOR COMPOSITES
	Characterization of Low-Cost Reformable Multiuse Tooling System for Composite Repair Applications
	Autoclave Quality Composites Tooling for Composite from Vacuum Bag Only Processing

	SPACE—I
	Combined Cryogenic and Elevated Temperature Cycling of Carbon/ Polymer Composites
	Atomic Oxygen Protection of Materials in Low Earth Orbit
	Microcracking in Composite Laminates Under Thermal Environments: 150 to -196ºC

	E-BEAM—III
	Comparison Between E-Beam and Thermally Cured Similar Epoxy-based Composites
	Effect of Substituted Benzene Group on Thermal and Mechanical Properties of Epoxy Resins Initiated by Cationic Latent Catalysts
	Effect of E-Beam Curing on Composites
	A Basic Process Model for EB Curing of Composite Materials
	Stageable Resins for Electron Beam Cured Composites Manufacture
	Automated Tape Placement with In-Situ Electron Beam Cure: Process Parameters Optimization

	INFRASTRUCTURES—II
	Strengthening of Masonry Walls with High Strength Fibers and Inorganic Matrix
	In-Plane Shear Performance of Masonry Walls Strengthened with FRP
	Post Strengthening of Steel Members with CFRP
	Evaluation of Transverse Strain in Corroding Square Prestressed Concrete Elements
	Sprayed Fiber Reinforced Polymers for Repair and Strengthening
	Multi-Station Tensile Creep Testing Facility

	FIRE SAFETY OF MATERIALS—III
	Environmental Issues Associated with Flame Retarded Electrical and Electronic Equipment
	Thermal Conduction Characteristics of a Highly Porous, Fire-Resistant Composite Material
	Hybrid Composite Panels with Fireproof Lightweight Core and Carbon Fiber Skin
	Noncombustible Polymer Composites Utilizing Metallosilicate Matrices

	PREFORMS—I
	Preform Concept for a Composite Rotor
	In-Mold-Reinforcement of Preforms by 3-Dimensional Tufting
	Multi-Axial Warp Knits for Subsequent Reinforcement of Concrete Masts

	NANOCOMPOSITES/NANOMATERIALS—II
	The Colloid Chemistry of Organoclays
	Morphological Development and Barrier Properties of Exfoliated Aerospace Epoxy-Organoclay Nanocomposites
	Phenolic-Clay Nanocomposites for Rocket Propulsion System
	Skin-Core Effects in Polypropylene Nanocomposites
	Nanocomposite Textiles: New Route for Flame Retardancy
	Cryogenic Microcracking of Nanoclay Reinforced Polymeric Composite Materials
	PMR-15/Layered Silicate Nanocomposites for Improved Thermal Stability and Mechanical Properties

	THERMOSET RESINS—II
	Melt-Processable Thermosetting Polyimide
	Polyimide Foams From Friable Balloons
	Modeling the Formation of Polyimide Microspheres
	Article Open

	High Tg Polyimide Composites II
	Surface Characterization of Sized and Desized Toray M40J Carbon Fibers
	Fiber Reinforced Composites of Tough Rigid Siloxane Resins
	Curing and Mechanical Characterization of Soy-Based Epoxy Resin System
	Fiber Reinforced Composites with Recycled Polystyrene Additives and Natural Fibers
	Making High Performance Unsaturated Polyester Resins With 2-Methyl-1,3-Propanediol

	COMPOSITE STRUCTURES IN AEROSPACE VEHICLES
	Innovative Composite Structures for Future Tactical Hypersonic Kinetic Energy Missiles
	Fatigue of Composites at Cryogenic Temperatures

	METALS/CERAMICS
	Development of a Lubricant for Drilling Carbon Fiber Composites
	Effect of Ultradispersed Diamonds on Mechanical Properties of Alumna Composite
	Composite Sliding Bearing and its Manufacturing Technology

	SPACE—II
	Techniques for Measuring Low Earth Orbital Atomic Oxygen Erosion of Polymers
	Process Control Method for Thin Film Plasma Deposition
	Virtual Testing of the X37 Space Vehicle

	RTM/VARTM—II
	Coupled Pre-Forming/Injection Simulations of Liquid Composite Molding Processes
	Fabrication of Complex High-Performance Composite Structures at Low Cost Using VARTM
	Quality Assurance System Based on the Process Simulation for the Compression Molding Process
	Toughening of Vinyl Ester Systems

	INFRASTRUCTURES—III
	Static and Fatigue Performances of RC Beams Strengthened with Carbon Fiber Sheets Bonded by Inorganic Matrix
	Practical Applications of FRP Used to Strengthen and Rehabilitate Structural Members
	Failure Analysis of Carbon Composite Reinforcement of Concrete Infrastructures
	Measuring the Glass-Transition Temperature of Composites in the Field

	COMPOSITE DESIGN
	Optimum Stacking Sequence Design of Composite Laminates Using Genetic Algorithms
	Coupled Multi-Disciplinary Methods for Structural Reliability and Affordability
	Composites in Naval Radar Applications

	2D-3D WEAVING/BRAIDING
	Design of a Braided Composite Structure with a Tapered Cross-Section
	Thermoplastic Composites from Co-Braided Yarns
	Thick 3D Woven Composites as a Standard Material: Manufacturing, Properties and Applications
	Mechanical Characterization and Design Architecture of Graphite T700 12K/Epoxy Wide Tow Triaxial Braided Composites

	NANOCOMPOSITES/NANOMATERIALS—III
	Hybrid Inorganic/Organic Reactive Polymers for Severe Environment Protection
	Effects on Processing by Drop-In Modifiers in Nano-Composite Polymers
	High Temperature Lubricants Based on Polyhedral Oligomeric Silsesquioxanes (POSS)
	Model Polyhedral Oligomeric Silsesquioxane Thin Films for Coating Applications
	POSS™ Reinforced Fire Retarding EVE Resins

	TOWPREG-TAPE PLACEMENT—I
	Mechanical Analysis of Multi-Material Composites Manufactured by Integrated Processing
	Cryogenic Cycling of Carbon Fiber/Epoxy Composites: Effects of Matrix Modification
	Nondestructive Evaluation and Mechanical Testing of Steered Fiber Composites
	Mechanical Properties on FRP with Spread Carbon Fiber Tows

	FILAMENT WINDING/PULTRUSION
	Optimization of Adhesion Between Composite and Rubber Using the Taguchi Method
	Avoiding Voids in Filament Winding
	Fixed and Expansion Connectors for Composite Cryopipe
	Composittrailer ® : Design, Analysis, Testing and Market Issues

	CHARACTERIZATION/TESTING
	Investigations on the Fiber Fracture Behavior in Carbon Fiber Reinforced Plastics
	Stress and Strength Analysis of Structural Components with Inter Fiber Failure (IFF): Experimental and Theoretical Work
	Cyclic Fatigue Degradation Response of Composite Structures
	Fiber Optics in Bonded Repairs
	Characterization of Fatigue Damage in High Temperature Composite Laminates
	Damage Characterization of High Temperature Composite Laminates
	E-Glass/DGEBA/m-PDA Model Composites: Time Dependent Failure in a Brittle Multi-Fiber Composite

	ELECTRONIC PROCESSING
	Ion Implantation of UO2
	Fracture Toughness of Thin Siloxane Resin Films Measured by mELT
	Corrosion of Chromate Conversion Coatings on Aluminum Alloys in Electronic Equipment

	PREFORMS—II
	Production of Near Net Shaped Preforms From Chopped FRTP Hybrid Rovings
	Investigations of an Automated Cell for Manufacturing Aerospace Composite Structures
	Study of Fiber/Binder Adhesion in Chemically Bonded Non-Wovens
	Mechanical Properties of Multi-Axial Warp Knitted Composite with Hybrid Matrix Layer

	NANOCOMPOSITES/NANOMATERIALS—IV
	Carbon Nanotube Reinforcement of a Filament Winding Resin
	Organic-Inorganic Nano-Hybrid Composite as Atomic Oxygen Durable Coating
	Carbon Nanofiber Polymer Composites: Electrical and Mechanical Properties
	Hybrid Montmorillonite + Multi-Walled Carbon Nanotube Nanocomposites

	TOWPREG-TAPE PLACEMENT—II
	Processing and Testing of Thermoplastic Composite Cylindrical Shells Fabricated by Automated Fiber Placement
	Object-Oriented Design and Analysis Tools for Fiber Placed and Fiber Steered Structures
	Low Cost Robotic Fabrication Methods for Tow Placement
	Fiber Steering Around a Cutout in a Shear Loaded Panel
	Vacuum-Bag-Only-Curable Prepregs That Produce Void-Free Parts



